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I NTRODUCT I ON - ' 
Al loys o f  Ta and Cb are of in terest  as containment material 

t f o r  a l k a l i  l i q u i d  metals. In the presence of oxygen contamina- 
t ion concentrated a t  grain boundaries i n  such a l loys  as Ta-IW, , 
severe corrosion resul ts  due to  preferent ia l  attack of the h igh ' 
oxygen content regions by a l k a l i  metals. 
sion problem, addit ions of reactive elements such as H f  or Z r  are 1 
made to  Ta and Cb al loys t o  get ter  the oxygen. It has been shown [ 
(1) for a f a  al loy,  T-111 (Ta-W-LHf), that  corroslon was essen- 
t i a l l y  n i l  a f t e r  aging for several thousand hours I n  an a l k a l i  
metal environment. However, recent resul ts have indicated (2) 
that  long term aging of T-111 near 1040°C (a proposed use tempet- . 
ature f o r  t h i s  al loy) increases i t s  sens i t i v i t y  t o  hydrogen 
embrittlement during subsequent roan temperature handling and 
tes t ing  In  the presence of moist a i r .  

Because of t h i s  corro- f ~ 

The purpose of th is  paper i s  to fur ther  characterize the 
hydrogen embrittlement of aged T-111 and s imi lar  Ta and Cb a l loys  
and t o  describe the mechanisms believed responsible f o r  the in- 
creased sens i t i v i t y  of T-111 to low temperature hydrogen unbrit- 
tlement a f te r  aging for  1000 hours o r  longer near 1040°C. 
t o t a l  of e ight Ta base al loys and two Cb base a l loys were invest i -  
gated. The effects of pre-age annealing tenperature, aging time, 
temperature and environment, and a l l oy  canposition on the suscep- 
t i b i l i t y  t o  hydrogen embrittlement were investigated. 
method of determining the effects of these variables on the duc- 
t i l i t y  o f  T-111 was by bend test ing a t  25" and -196°C. 
specimens were examined by the scanning electron microscope, 
electron microprobe, metal logrephy and X-ray d i f f rac t ion .  . --_-. 
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TABLE I. - CHw1CA.L ANALYSIS OF TANTALUM AND COLUMBIUM ALLOYS 

A l l o y  nominal composition, Ta Cb W Hf 
weight percent 

Ta-10 W 
Ta-2 Hf 
Ta-8 W-0.5 Bf 
Ta-8  W-1 Hf 
Ta-8  W-2 €If (T-111) 
Ta-8 W-3 H f  
T a - 4  W-2 H f  
Ta-8 W-1 Be-0.7 Hf-0.025 C 
(ASTAR 8llC) 
cb-1 zr 
Cb-10 Hf-0.9 Ti-0.5 Zr- 
0.4 Ta-0.4 W-0.015 C 
(C103) 

Content, weight percent I Conteni - 
---- 
---- 
0.04 

.05 

.04 

.04 

. a4 

--- 

B e l .  

- 
1.0 
1.0 
1.0 
1.6 
2.9 
1.0 
0.8 
3.0 

3.0 
<S 

P P  .. - 
40 
39 

9 
5 

15 
8 
7 

32 

70 
40 

- 

- 
21 
33 
30 
24 

120 
28 
26 
25 

73 
130 

EXPERIMENTAL PROCEDURE 

The chemical analyses of the alloys investigated in this 
study are given in Table 1 .  The primary alloy under investigation 
in this program, T-111, was purchased in the form of sheet having ' 

a thickness of 0.8 mm and in the form of tubing having a 19 mn 
outside diameter and a 0.8 mm wall thickness. The remaining alloys 
were custom melted and fabricated to 0.8 mn thick sheet. Longi- 
tudinal bend specimens 6.4 mm X 25.4 m were cut from the alloys. 
A standard annealing treatment for the Ta alloys consisted of 1- 
hour at 1650°C plus 1-hour at 1315°C. 
at equivalent homologous temperatures, 1345" and lO7O0C, respec- 
tively. In order to determine the effects of annealing tempera- 
ture on subsequent hydrogen embrittlement, T-111 specimens were 
also annealed for 1-hour at 1815 or 1980°C plus 1-hour at 1315°C. 
A standard aging treatment for all ten alloys consisted of heating 
at 1040°C (the temperature which was associated with previous 
hydrogen embrittlement) for 1000 hours. One half of the specimens 
from each alloy were sealed in a T-111 capsule containing lithium 
while the remaining half of the specimens were tied to the ou side 
of 
N/m . In addition a series of T-111 specimens were aged for 1000 
hours at 925°C and a second series at 1150°C in order to bracket 
the primary aging temperature of 1040°C. A final series of T-111 
specimens was aged for 5000 hours at 1040°C to determine the effect 
of aging time on subsequent hydrogen embrittlernent. 

The Cb alloys were annealed 

-5 he capsule and heated in an ultrahigh vacuum of 1.3 X 10 1 

After aging, removal o f  the lithium from the capsules was 
achieved by vacuum distillation or by dissolution in liquid a m -  
nia. Several specimens from each alloy were then doped with 
approximately 10 ppm hydrogen by heating at 1040°C in a partial 
pressure of hydrogen of  approximately 13 i(Eiim2 for 10 minutes. 



Primary evaluation of the alloy specimens was by means of 
bend testing at 25" and -196°C. 
driven testing machine at a punch rate of 25.4 m per minute. 
bend radius of 2t and a total bend angle of about 160" was used 
for all the tests. After completing the bend test, specimens were 
then flattened so that in effect the tests were a 180°, Ot bend. 
Specimens were tested in the annealed and aged conditions before 
and after hydrogen doping. 

Specimens were tested in a screw 
A 

I 
After testing fracture 'surfaces were observed by scanning 

electron microscopy utilizing characteristic X-ray analysis to 
identify particles present on the fractured surface. In addition 
particles were identified by use of the electron microprobe and 
by X-ray diffraction of extracted particles. Standard light micro- 
scopy, transmission electron microscopy and scanning electron 
microscopy were utilized to characterize the microstructures of 
the alloys. 

.. 
To further characterize the effects of aging on T-111 several 

specimens having different aging histories were also examined 
metallographically. 
appropriate place in the Results section. 

Their aging conditions will be given at- the 

RESULTS 

Bend Tests 

The effects of various annealing and aging conditions on the 
bend ductility of 1-111 sheet and tubing are summarized in Table 
1 I. Specimens in the annealed condition or after aging at 925" 
and 1150°C underwent a full 180" - Ot bend at -196°C. All speci- 
mens aged at 1040°C independent of pre-age annealing temperature 
or aging time were brittle at -196°C. Testing tube specimens at 
25°C resulted in ductile behavior for all conditions except for 
the specimen that had been annealed at 1980"~ prior to aging. 
These results show that T-111 is susceptible to aging embrittle- 
ment over a narrow temperature range near 1040°C. 

The effect of hydrogen doping on T-111 sheet and tubing is 
also summarized in Table I I .  Sheet T-111 in the annealed condi- 
tion could undergo the full 180" - Ot bend test; however, surface 
cracks were observed on the specimen. 
925°C could be bent 90" at -196°C prior to failure while a speci- 
men aged at 1150°C was brittle upon testing at -196°C. The 
remaining sheet specimens and all tube specimens doped with ap- 
proximately 10 ppm hydrogen were brittle at 25OC. 
mens appear to be more susceptible to hydrogen embrittlement, in 
agreement with previous results (2) where it was observed that 
aged tube samples were more susceptible than aged sheet samples 

A sheet specimen aged at 

The tube speci- 
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I Condition I H;:;:m 1 Bend , test 11 
Tempera- Results 

Condition 1 H;#;zdpen I Bend test 

Tempera- Resul ts  

1 
Ductile , 
~ u c  t i l e  ' 
Ductile 
Cracks 

Annealed 
k e d  
Annealed 
Aged 

No -196 
No -196 
Y e s  -196 
Yes -196 

Annealed 
Aged 
Annealed 
Aged-lithium 
Aged-vacuum 

No -196 
No -196 
Y e s  -196 
Y e s  25 
Y e s  25 

Annealed I zs I :i )=::: Aged 
Annealed Duct i le  
Aged-lithium Y e s  B r i t t l e  
Aged-vacuum Y e s  Cracks 

Cb-1 Z r  

- 
-196 Duct i le  Annealed No 

Aged No -196 Ductile 
-196 Ductile Annealed Yes 

Aged Yes -196 Duct i le  

Ch-1OHf -0. QTi-O.5Zr -0.4Ta-0.4U (C103) 

Annealed 
&d 
Annealed 
Aged-lithium 
Aged-vacuum 

NO -196 
No -196 
Yes -196 
Yes 25 
Yes 25 

Annealed 
Aged-vacuum 
Annealed 
Ared-vacuum 

No -196 
No -196 
Yes -196 
Yes -196 

~ 

TABLE 111. - EFFECT OF ALLOY COMPOSLTIOK ON AGING EMBRITTLPIWT AND 

SUBSEQUENT SUSCEFTlBLLITY TO BYDRGGEN EXBRITTLEXENT 

t u r e ,  
OC 

I Ta-10 W Ta-8 W-3 Hf I 
A N l e a l e d  
Rged 
Aged I E 
Annealed Y e s  
k e d  Y e s  

-196 
-196 

-196 
25 

25 

Duct i le  
Brittle 
Duct i le  
Duct i le  

Duct i le  
Ducti.le 
Bri t t le  
Cracks 

Ta-4 W-2 Hf 

Annealed 

Annealed -196 

25 

Ductile 
Ductile 
Duc i i l e  
Uuctile 

i I I i 

I Ta-8 W-0.5 H f  

Ductile 
Ductile 
Ductile 
B r i t t l e  
Cracks 

Ta-8 W - l  Re-0.7 Hf-0.025 C (ASTAR 811C:) 1 

I Ta-8 W-1 Hf 

Ductile 
Ductile 
Ducti1.e 
B r i t t l e  
Cracks 

t I I 

Ta-8 W-2 H f  (T-111) 

Annealed 

Annealed Yes -196 
Aged Yes 

*Aged 1000 hours at 1040° C. 

Ductile 
B r i t t l e  
Ductile 
Cracks 
B r i t t l e  

Ductile 
Cracka 
Duct i le  
Cracks 

to moisture i n  the bend t' ;t atmosphere. The results indicate 
that aging over the temperature range 925" to 1150°C increases 
the susceptibility to hydrogen ernbrittlement of T-111 compared 
to the annealed condition 

The effects of alloy composition on the aging and hydrogen 
embrittlement of Ta and Cb a l loys  are sumnarized in Table 1 1 1 .  
The results indicate :hat aging embrittlernent in Ta allovs occurs , ~-~ ~ 

only in T-111 (fa-8W-2Hf) and the a l l o y  Ta-8W-3Hf. 
ClO3 exhibited s?ight surface cracks in the aqed condition which 

The Cb alloy, 

may be attributed to  aging embrittlement. 
doped with hydrogen were ductile at -196°C with only the T-111 
specimen exhibiting slight surface cracks a5 a result of the 188" - 

A l i  the annealed alloys 

5 
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O t  bend. With the exception of Ta-2Hf and Cb-1Zr all the aged _ _  . 
alloys were susceptible to hydrogen embrittlement. 
Ta alloy, Ta-IOW,and the Cb alloy, Cl03,exhibited surface cracks 
when tested at -196°C. Tantalum alloys T-111 (Ta-8W-2Hf) and 
Ta-8W-3Hf were brittle at 25°C upon testing in the aged plus 
hydrogen doped condition. The remaining alloys that were aged 
in lithium prior to hydrogen doping were brittle at 2 5 O C  while 
those aged in vacuum underwent the 180" - Ot bend and exhibited 
only surface cracks. 
aging environment was shown to be related to a higher concentra- 
tion of hydrogen in those specimens aged in lithium compared to 
those aged in vacuum. Oxygen analysis after aging showed that 
lithium removed oxygen from the modified T-111 alloys while vacuum 
aging had no apparent effect on the oxygen content. 
hydrogen doping under identical conditions showed a greater pickup 
of hydrogen in the low oxygen content ( 1  ithium aged) specimens 
(about 20 ppm compared to 10 ppm for vacuum aged) and hence the 
more brittle behavior at 25OC. 

The binary 

The reason for this ductility dependency on 

Subsequent 

The results indicate the Ta and Cb binary alloys, especially 
Ta-2Hf and Cb-1Zr are not cxnbrittled at -196°C as a result of the 
1040°C aging plus hydrogen doping. In contrast the more complex 
aged Ta alloys are all embrittled by hydrogen when tested at 2 5 O C  
while the complex Cb alloy, Cl03, suffered some loss of ductility 
at -196°C. 

Metallography 

The aging embrittlement and increased susceptibility to 
hydrogen embrittlement of aged Ta alloys is attributed to the 
change in microstructure upon long time aging near 1040OC. 
Aging T-111 for 1900 hours at 980°C results in formation of rows 
of precipitate particles lying along grain boundaries as shown in 
the transmission electron micrograph of figure 1 (a). In contrast 
aging for 1000 hours at 1315°C results in a microstructure free 
of precipitates as shown in figure l(b). This microstructure i s  
characteristic of annealed T-111 as well. Results of electron 
microprobe step-scan traverses along grain boundaries of annealed 
and aged T-111 are shown in figure 2. The annealed T-111 shows 
minor variations of Ta, W and 0 along grain boundaries; however, 
in the aged material, peaks of Hf and 0 were observed while the 

W remained constant. These results suggest the particles ob- 
served in figure 1 are H f  rich. X-ray diffraction results of 
particles remaining from dissolution of an aged T-111 specimen 
showed the residue to be H f O 2 .  

The effects of  alloy composition of ?a alloys on fracture 
behavior and precipitate morphology are shown in figure 3 .  All 
specimens were aged 1000 hours at ?040°C, doped with hydrogen and 

6 
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bend tested a t  25°C. I t  should be noted that  Ta-1OW and Ta-PHf, 
f i gu re  3(a) and (b), f a i l  i n  a d u c t i l e  manner and are f ree  of  
p r e c i p i t a t e  pa r t i c l es  a t  gra in  boundaries. Al loys shown i n  f i g -  
u re  3(c) and (d), Ta-8W-.5Hf and Ta-8W-lHf, respectively, are seen 
t o  f a i l  p r imar i l y  i n  a b r i t t l e  manner w i t h  some evidence of duc- 
t i  le f a i  lure. The Ta-8W-2Hf ( T - 1 1 1 )  and Ta-8W-3Hf a l l oys  f rac tu re  
i n  a completely b r i t t l e  manner, as shown i n  f i gu re  3(e) and (f), 
respectively. Prec ip i ta te  par t i c les  are observed i n  a l l  four of 
these ternary a l l oys  w i t h  the amount o f  p a r t i c l e  formation in-  
creasing w i t h  increasing Hf content. Use of an energy dispersive 
spectrometer on the scanning electron microscope showed tha t  on 
the gra in  boundary surface i n  T - I l l  H f  could not be detected, f i g -  
ure 3(g), whi le  the pa r t i c l es  a t  the gra in  boundaries are H f  r i ch  
as shown i n  f i g u r e  3(h). Observations on the two Cb a l l oys  s-h-d 
tha t  they f a i l e d  i n  a d u c t i l e  manner w i th  no apparent formation of 
p rec ip i ta tes  a t  g ra in  boundaries _ _  

D i SCUSS 1 ON 

The aging and hydrogen embrittlement of T-111 and other . 
s imi la r  Ta base a l loys  i s  believed t o  be due to  H f  segregation at-  
g ra in  boundaries. The absence o f  p a r t i c l e  formation i n  Ta-2Hf , 

suggests tha t  the presence of W i n  the ternary a l l oys  a f fec ts  the 
r a t e  and degree of Hf segregation tha t  i s  observed i n  these al loys.  
This may occur due to the l a t t i c e  contract ion tha t  occurs upon 
adding W t o  Ta (3)  causing the larger H f  atom t o  segregate to 
m i f i t  o r  g ra in  boundary areas. Competing w i t h  t h i s  equi l ibr ium 
segregation process i s  d i f fus ion which w i l l  tend to  evenly d is-  
perse the so lute a t  higher temperatures (4). Hence, 1-111 aged 
at 1315°C d i d  not exh ib i t  p rec ip i t a te  pa r t i c l es  as was shown I n  
f i g u r e  l ( b ) .  
ment and was not  susceptible to hydrogen embrittlement. 

A l s o  t h i s  material d id  not e x h i b i t  aging embr i t t ie-  

The r o l e  of H f  i n  Ta a l loys and probably Z r  o r  H f  i n  more 
complex Cb a l l oys  i n  the hydrogen embrittlement problem i s  t o  
segregate to g ra in  boundaries during aging thus causing embr i t t le-  
ment a t  -196°C. 
utes an add i t iona l  embr i t t l i ng  ef fect  which i s  evident by the 
b r i t t l e  behavior a t  2 5 O C  of aged and hydrogen doped specimens. 
I t appears tha t  Hf segregation compounds the embritt lement caused 
by hydrogen since no embrittlement was observed i n  Ta-2Hf where 
H f  d id  not segregate. This increased embrittlement may a r i s e  due 
t o  H f  segregated a t  g ra in  boundaries act ing as a s ink f o r  hydrogen 
causing hydrogen t o  segregate a t  g ra in  boundaries as we l l ,  i n  the 
ternary and more complex al loys.  

Doping the aged mater ia l  w i th  hydrogen contr ib-  

For use as containment materials for a l k a l i  metals the ternary 
a l l oys  Ta-8W-.SHf, Ta-8W-1Hf9 and Ta-4W-2Hf were not susceptible to 
aging embrittlement, thus suggesting they are more a t t r a c t i v e  than. 

7 



T-111 (Ta-8W-2Hf). These a1 loys were susceptible t o  hydrogen . 
pmbrittlement after aging. 
to aging or hydrogen embrittlement and should also provide corro- 
sion resistance. Results from this study indicate the tensile 
strength of Ta-2Hf i s  about 50 percent that of T-111, (Ta-8W-ZHf) 
at lO4O0C which m y  limit its use at this temperature. The Cb 
alloys should also be considered as possible candidates based on 
their favorable ductility after aging and hydrogen doping. 

In contrast Ta-ZHf was not susceptible 

CONCLUSIONS 

Based on a study of the hydrogen embrittlement of aged Ta and 
Cb alloys the following conclusions are drawn: 

1. Aging ternary Ta alloys such as T-111 (Ta-8W-2Hf) near 
1040°C for 1000 hours or longer increases their sensitivity to 
low temperature hydrogen embrittlement. 

2. Segregation of Hf to grain boundaries during aging causes 
embrittlement upon testing at -196°C and is responsible for the 
observed hydrogen embrittlement. 

3. Binary Ta and Cb alloys, Ta-2Hf and Cb-lZr, are not sus- 
ceptible to hydrogen embrittlement under the conditions of this 
study and did not exhibit grain boundary segregation of Hf or Zr. 

4. Ternary a 1 1 oys Ta-8W-. 5Hf , Ta-8W- 1 Hf , and Ta-4W-2Hf are 
superior to T-111 f o r  containment of alkali metals in that they 
do not exhibit aging ernbrittlement. However, these alloys in the 
aged condition are susceptible to hydrogen embrittlement. Binary 
alloys Ta-2Hf and Cb-1Zr are attractive containment materials hased 
on retention of low temperature ductility after aging and hydrogen 
doping; however, their relatively low tensile strengths at 1040°C 
may limit their use. 
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TABLE I. - CEEMICAL ANALYSIS OF T A R T m  AND C O L r n I U n  dculps 

Ta-10 W 
Ta-2 Fif 
Ta-8 W-0.5 Hf 
Ta-8 W-1 Ef 
Ta-8 W-2 Hf (T-lll) 
Ta-8 W-3 Hf 
Ta-4 W-2 Hf 
Ta-8 W-1 Re-0.7 Fif-0.025 C 
(ASTAB 8UC) 
Cb-1 Zr 
(3-10 Hf-0.9 Ti-0.5 Zr- 
0.4 Ta-0.4 W-0.Ol5 C 

, (C103) 

Ta I Cb 1 W I Hf I Zr I Other 

Content, weight percent 

10.35 

2.8 

0.95 
.52 

Content, ppm - 
15 
22 
50 
50 
50 
60 
50 

260 

100 
<30 

1.0 

- 
21 
33 
30 
24 

120 
28 
26 
25 

73 
130 
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TABLE 111. - EFFECT OF ALLOY CONPOSITION ON AGING EMBRITTLEMENT AND 

SUBSEQUENT SUSCEPTIBILITY TO EYDROGW EKBRITTLplIENT 

Annealed 
Aged 
Aged 
Annealed 
Aged 

No -196 Ductile 
No -196 B r i t t l e  
No 25 Ductile 
Y e s  -196 Ductile 
Y e s  25 B r i t t l e  

No 
No 
Y e s  
Y e s  
Y e s  

-196 
-196 
-196 
25 
25 

Annealed 
A s 4  
Annealed 
Aged-lithium 
Aged-vacuum 

NO -196 Ductile 
No -196 Ductile 
Y e s  -196 Ductile 
Y e s  25 B r i t t l e  
Y e s  25 Cracks 

Bend test 

tu re ,  

Ta-8 W-3 Ef Ta-10 W 

Annealed 
-196 

Ta-2 Ef 

Ductile 
Ductile 
Ductile 
Cracks 

I Ta-4 W-2 Ef 
-196 
-196 
-196 
-196 

Ductile 
Ductile 
Ductile 
Ductile 

Annealed 
Aged 
Annealed 

Aged-vacuum 
Aged-lithium 

Ductile 
B r i t t l e  

5Eif Ta-8  W-O 

Aged-litbium 
Aged-vacuum 

-196 
-196 
-196 
25 
25 

Ductile 
Ductile 
Ductile 
B r i t t l e  
Cracks 

Ta-8 W- E€ 

-196 
-196 
-196 

25 ' 25 

AIlUealed No 
Aged No 
Annealed Y e s  
Aged-lithium Y e s  
Aged-vacuum Y e s  

Ductile 
Ductile 
Ductile 
B r i t t l e  
Cracks 

Annealed No -196 Ductile 
Aged No -196 Ductile 
Annealed Y e s  -196 Ductile 
Aged Y e s  -196 Ductile 
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(b) Ta-2Hf. 

( d )  Ta-8W-1Hf. 

Figure 3. - Scanning electrori microscope observations and analysis of precipitate 
particles i n  loo0 h o u r  - 1040' C aged Ta alloys. 

( f )  Ta-W-3Hf. 
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